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Abstract
The details of Cˇerenkov light produced by a γ− ray or a cosmic ray
incident at the top of the atmosphere is best studied through systematic
simulations of the extensive air showers. Recently such studies have be-
come all the more important in view of the various techniques resulting
from such studies, to distinguish γ− ray initiated showers from those gen-
erated by much more abundant hadronic component of cosmic rays. We
have carried out here such systematic simulation studies using CORSIKA
package in order to understand the Cˇerenkov photon density fluctuations
for 5 different energies at various core distances both for γ− ray and pro-
ton primaries incident vertically at the top of the atmosphere. Such a
systematic comparison of shower to shower density fluctuations for γ− ray
and proton primaries is carried out for the first time here. It is found
that the density fluctuations are significantly non-Poissonian. Such fluc-
tuations are much more pronounced in the proton primaries than γ− ray
primaries at all energies. The processes that contribute significantly to the
observed fluctuations have been identified. It has been found that signifi-
cant contribution to fluctuations comes from photons emitted after shower
maximum. The electron number fluctuations and correlated emission of
Cˇerenkov photons are mainly responsible for the observed fluctuations.
1 Introduction
Ground based atmospheric Cˇerenkov technique is, at present, the only way by
which TeV γ− rays could be detected from point sources such as γ− ray pul-
sars, short period X− ray binaries or BL-Lac objects. Recent detection of TeV
emission from a few of these objects (Vacanti et al., 1991; Punch et al., 1992,
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Chadwick et al., 1997, Quinn et al., 1997, Weekes, 1988, Fegan, 1994) has cre-
ated much interest in the field of TeV γ− ray astronomy. The γ− ray signals
found typically are ∼ 1% of the more abundant background events of cosmic ray
nuclei, particularly protons. In order to detect faint Very High Energy (VHE)
γ− ray sources, one has to improve the signal to noise ratio by rejecting the
bulk of the hadronic background. In order to do so it is imperative to study
the detailed characteristics of Cˇerenkov light production by photon initiated and
proton initiated cascades in the atmosphere.
Simulation studies in the past (Rao & Sinha, 1988; Hillas & Patterson, 1987;
Zatsepin & Chudakov, 1962) have shown that the Cˇerenkov pool at the observa-
tion level has the signature of the primary. The lateral distribution of Cˇerenkov
radiation seems to be distinctly different in γ− ray and proton initiated showers
in the sense that in the former case it is flat upto about 140 m and character-
ized by an increased photon density (called the ‘hump’) at that distance while
in the latter case it is steeper with practically no hump. It has been suggested
(Rao & Sinha, 1988) that this characteristic difference could be measured in an
observation and could be used for improving the signal to noise ratio. These
arguments are based on the average properties of showers. In practice, however,
Cˇerenkov photon density fluctuations play a dominant role. The signature of the
primary gets buried in the noise which is mainly due to large fluctuations in pho-
ton densities from shower to shower, even at same energy. These fluctuations in
turn reduce the efficiency by which the primary could be identified based on the
lateral distribution measurements (Krys and Wasilewski, 1993). As a result, the
study of the photon fluctuations plays an important role in deciding the signal to
noise ratio of the VHE γ− ray observations based on the measurement of lateral
distribution of Cˇerenokov light.
It has been known that shower to shower fluctuations in proton initiated
cascades are expected to be much larger than γ− ray initiated cascades since
the nuclear interaction mean free path (70 g cm−2) is about twice as large as the
radiation length (37.15 g cm−2) in the atmosphere and the number of secondaries
and their energy spectra are known to fluctuate widely. Furthermore muons,
which are present only in hadron initiated showers (above the Cˇerenkov threshold
Eµ ∼ 4 GeV) reach the observation level and could create local peaks in the
light pool at the observation level (Hillas & Patterson, 1987). In this paper we
make an attempt to estimate and compare the extent of these fluctuations in
proton and γ− ray initiated showers at various energies and estimate the relative
contributions from different but known sources of fluctuations.
2 The Simulations
We have used CORSIKA package version 4.502 (Knapp & Heck, 1995) for simu-
lation of air showers generated by γ− rays and protons. This package simulates
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interactions of nuclei, hadrons, muons, electrons and photons as well as decays of
unstable secondaries in the atmosphere. It also provides information about the
type, energy, location, direction and arrival times of all the secondary particles
generated in the air shower, which reach the observation level. It also supports
the option of generating Cˇerenkov photons emitted by various particles in the
shower. It uses the EGS4 package (Nelson et al., 1985) for the development of
the electromagnetic cascade in the atmosphere. The Cˇerenkov radiation produced
by the secondary charged particles within the specified bandwidth (300-550 nm)
is propagated to the ground. The position, angle, time and production height of
each Cˇerenkov photon hitting the detector at the observation level are recorded.
However, the wavelength dependent absorption of these photons in the atmo-
sphere is not taken into account.
In the present work we have studied the Cˇerenkov light produced by monoen-
ergetic γ− rays and protons incident vertically at the top of the atmosphere.
Height of the first interaction is selected randomly taking into consideration the
appropriate mean free path. Target of the first interaction is chosen randomly
according to atmospheric abundances. In the simulations, we have considered
an array of detectors with area 2.11 × 2.11 m2 (this corresponds to the total
mirror area of each telescope in the Pachmarhi Array of Cˇerenkov Telescopes
(PACT), see Bhat et al. 1997), with 17 detectors in X-direction and 21 detec-
tors in Y-direction. Spacing between the detectors in X-direction is 25 m and in
Y-direction is 20 m. It may be mentioned that even though PACT consists of
only 25 telescopes each of area 4.45 m2, a larger array is chosen for simulation
purposes in order to study core distance dependent properties of PACT. Only
those Cˇerenkov photons which hit any of the detectors of the array at all inci-
dent angles are recorded. Observation altitude and magnetic field appropriate for
Pachmarhi (longitude: 78◦ 26′E; latitude: 22◦ 28′N and altitude: 1075 m amsl)
location are taken into account. The shower core is always chosen to be at the
centre of the array.
An option of variable bunch size is available in the package, which defines
the number of Cˇerenkov photons treated together. This will also reduce the size
of the output data file. However, it was noticed that for fluctuation studies the
bunch size has to be set to unity to get the correct estimate of the fluctuations
as larger bunch size tends to overestimate the photon fluctuations.
3 Average Cˇerenkov lateral distributions
Cˇerenkov photon lateral distributions were generated and averaged over several
showers. For various energies of γ− ray and proton primaries, typically 100
showers were generated. For a few energies larger number of showers were gen-
erated (e.g. 200 showers for 100 GeV γ− rays and 400 showers for 50 GeV γ−
rays and 150 GeV protons) to ensure that average shape of the lateral distri-
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bution does not critically depend on the sample size. For 1 TeV γ− rays and
2 TeV protons 50 showers were generated. Fig. 1a shows the average lateral
distributions of Cˇerenkov photons generated by γ− rays of energies 50, 100, 250,
500 and 1000 GeV. Corresponding distribution for protons of energies 150 GeV,
250 GeV, 500 GeV, 1000 GeV and 2000 GeV are shown in fig. 1b. Cˇerenkov
photon densities shown in the plots are averaged over 10 consecutive detectors
when arranged with increasing core distance. Proton energies are chosen such
that their Cˇerenkov yield is comparable to that of γ− rays. Even though the
average Cˇerenkov lateral distribution shown in the fig. 1 is derived for the above
mentioned detector array, it is verified to be independent of detector size and
spacing.
It may be seen that lateral distributions produced by γ− ray primaries show
a characteristic hump at a distance of about 135 m from the core for energies of
atleast up to 1 TeV. The origin of a hump in the case of γ− ray primaries is dis-
cussed in detail by Rao & Sinha (1988). This is due to the focussing of Cˇerenkov
photons from a large range of heights, over which the product of height and
Cˇerenkov angle (hθc) is approximately constant. It has also been demonstrated
by Rao & Sinha that only the higher energy (≥ 1 GeV) electrons are responsible
for the production of the hump. The cumulative RMS scattering angle of these
electrons, (which is inversely proportional to the electron energy), is smaller than
the Cˇerenkov angle. Whereas in the case of lower energy electrons this angle
is larger than the Cˇerenkov angle. This enables Cˇerenkov photons to reach the
regions on either side of the hump. In case of proton primaries, electrons are pair
produced by γ− rays, which are decay products of pi0s, and have their production
angles determined by the transverse momentum of pi0s. This production angle
is also to be taken into consideration while calculating the threshold energy of
electrons, at which Cˇerenkov angle is equal to the scattering angle. Hence, this
threshold energy for proton primaries is larger than the corresponding value for
γ− ray primaries, consequently reducing the relative number of electrons above
this threshold. As a result these electrons do not produce a noticeable hump.
Prominence of the hump reduces as the energy of γ− ray primary increases
from 50 GeV to 1 TeV, since higher energy electrons penetrate deeper in the
atmosphere, thereby increasing the contribution to Cˇerenkov radiation from elec-
trons from lower altitudes where hθc starts decreasing (Rao & Sinha, 1988). In
order to study the variation of the strength of the hump as a function of primary
energy we define the strength of the hump as the ratio of the density at the hump
to that at the shower core. We generated nearly 300 γ− ray showers of varying
energies in the range 50-1000 GeV and computed this ratio for each shower. Fig 2
shows the variation of this ratio with primary γ− ray energy. The ratio decreases
with increasing energy as expected and a power law with a slope of -0.38 fits the
data well showing that eventually this ratio reduces to a limiting value of 1.
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Figure 1: Average lateral distributions of Cˇerenkov photon densities result-
ing from extensive air showers initiated by vertically incident (a)γ− rays and
(b)protons of various energies. Average of 400 showers is used for 50 GeV γ−
rays and 150 GeV protons, 200 showers for 100 GeV γ− rays, 100 showers for
the rest except for 1 TeV γ− rays and 2 TeV protons for which 50 showers each
were simulated.
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Figure 2: Variation of the ratio of the photon density at the hump to that at
the core with primary γ− ray energy. There seems to be a good anticorrelation
with energy while the ratio when fitted with a power law has a slope -0.38
Table 1: Least squares fit coefficients for a linear fit to the log of total number
of Cˇerenkov photons as a function of the log of the primary energy for vertically
incident γ− rays and protons.
Primary Intercept Slope
Species
γ− rays 10.53 ± 0.02 1.028 ± 0.003
Protons 9.41 ± 0.11 1.07 ± 0.02
4 Shower size fluctuations
Figure 3 shows the total number of Cˇerenkov photons produced in the atmosphere
by showers initiated by vertically incident γ− rays and protons of various energies
in the range 50 - 1000 GeV, with an assumed energy spectrum of the form, E−1.
Nearly 300 showers each were generated for γ− ray and proton primaries. While
there is a very good proportionality between the shower size (hereafter measured
in terms of the total number of Cˇerenkov photons produced in a shower) and
primary energy in the case of γ− ray primaries (linear correlation coefficient
= 0.998), it is not as good in the case of proton primaries (linear correlation
coefficient = 0.9), due to increased fluctuations in the latter case. The best
power-law fit parameters to the total number of Cˇerenkov photons as a function
of the primary energy are shown in table 1.
Distributions of the total number of Cˇerenkov photons produced by γ− ray
primaries of energy 100 GeV and 1 TeV and proton primaries of energies 250 GeV
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Figure 3: Variation of the total number of Cˇerenkov photons in the bandwidth
300-550 nm produced by vertically incident γ− rays (diamonds) and protons
(stars) with primary energies, indicating the magnitude of photon number fluc-
tuations. The proton generated showers exhibit a significantly higher degree of
fluctuations as compared to those by γ− rays.
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Figure 4: The distributions of the total number of Cˇerenkov photons in the
bandwidth 300-550 nm in showers generated by vertically incident γ− rays and
protons each with two different primary energies.
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and 2 TeV are shown in fig. 4 a-d respectively. Because of the higher Cˇerenkov
yield from γ− ray primaries (Browning and Turver, 1977), higher energy protons
with comparable Cˇerenkov yields have been chosen for comparison. We have
generated 300 showers for lower energy and 100 showers for higher energy γ−
rays and protons. Cˇerenkov photon distributions are much broader for proton
primaries compared to those from γ− rays, consistent with fig. 3. The ratio of
rms deviation to average number of Cˇerenkov photons decreases with increasing
energy for both γ− rays and protons. When the γ− ray energy increases from
100 GeV to 1000 GeV this ratio falls from 5% to 3%. Similarly when the proton
energy increases from 250 to 2000 GeV this ratio falls from 30% to 23%. These
results are consistent with those obtained by Ong et al. (1995) (see section 8.2
for details).
5 Density fluctuations
5.1 Intra-shower fluctuations
Figure 5 shows the variation of the ratio of the absolute deviation to the mean
photon density as a function of core distance, averaged over a number of showers.
For each shower, average Cˇerenkov photon densities are calculated over groups of
10 consecutive detectors, when arranged with increasing core distance. Absolute
value of the difference between individual photon densities and corresponding
mean density is defined as the deviation. Ratio of deviation to the mean density
is calculated for each detector, for each shower. Ratios are then averaged over
total number of showers (fig. 5). In the case of both γ− rays and protons, ratio
of the deviation to the mean photon density increases with core distance. For
a given primary, it decreases with increase in the energy of the primary. It is
higher by a factor of about 2 for protons of energies in the range 150 GeV - 2
TeV, compared to those for γ− rays of comparable Cˇerenkov yields. At higher
γ− ray energies, i.e., 500 GeV and 1 TeV, there is a sharp increase in the ratio
in the hump region. Similar behaviour is also seen in the case of 2 TeV protons.
This ratio can be measured in an atmospheric Cˇerenkov experiment. In prin-
ciple, this could be used to identify the showers generated by γ− ray primaries
if the energy is independently estimated.
In rest of the paper we will be discussing the inter-shower photon density
fluctuations only.
5.2 Inter-shower fluctuations
Figure 6 shows the variation of the relative shower to shower photon density
fluctuations as a function of core distance for 5 different primary energies (a) of
50, 100, 250, 500 & 1000 GeV for γ− ray primaries and (b) 150, 250, 500, 1000 and
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Figure 5: Ratio of the magnitude of deviation to the mean photon density as a
function of core distance for (a) γ− rays and (b) protons. Mean densities are
calculated for groups of 10 consecutive detectors arranged with increasing core
distance. Ratios are averaged over 400 showers for 50 GeV γ− rays and 150 GeV
protons, 200 showers for 100 GeV γ− rays, 50 showers for 1 TeV γ− rays and 2
TeV protons. 100 showers are used for the rest.
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Figure 6: Ratios of non-statistical RMS values to the mean number of Cˇerenkov
photon densities as a function of core distance at five different energies of primary
(a) γ− rays and (b) protons. The relative fluctuations for proton primaries are
higher and seem to decrease with increase in primary energies in cases of both
protons and γ− rays.
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Figure 7: Ratio of the observed RMS fluctuations to Poissonian fluctuations for
(a) γ− ray and (b) proton primaries of various energies as a function of core
distance.
2000 GeV for protons. The relative fluctuations are measured as a ratio of non-
statistical RMS values to the mean number of photons detected at a detector of
area 4.45 m2. In general the RMS fluctuations are functions of mean densities. In
order to remove this dependence the non-statistical component of the fluctuations
is estimated assuming that the total fluctuation is given by the quadratic sum of
the statistical (or Poissonian) and non-statistical components. It has been verified
that the ratio of the non-statistical component of the RMS fluctuations to the
mean value of the density over all the showers (r) is independent of detector size
and spacing. The relative fluctuations at all primary energies are seen to decrease
with increasing core distance and reach a constant value beyond the hump region.
The increased fluctuations in the pre-hump region are due to correlated emission
from high energy electrons (see section 7.1 for more details).
For a given primary the relative fluctuations decrease with increasing primary
energy as observed by others (Ong, 1995). This is primarily due to the reduced
electron number fluctuations at higher primary energies. The decrease in the
degree of fluctuations with increasing primary energy is monotonic only beyond
the hump region. It decreases monotonically up to a primary energy of say 250
GeV for γ− ray primaries at all core distances. It can be seen from fig. 6 that at
primary energies of 500 GeV and 1 TeV the fluctuations within the hump region
increase dramatically exceeding the values at lower energies. Table 2 shows the
average production heights of Cˇerenkov photons at 3 core distance ranges for 3
different primary energies viz. 100, 500 and 1000 GeV. It can be seen that the
differences in the Cˇerenkov production heights for near core distances and hump
region increase with increasing energy. This is due to the production of Cˇerenkov
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Table 2: The average production height (km) of Cˇerenkov photons at a given core
distance range resulting from vertically incident γ− rays of three different energies
at the top of the atmosphere. At near core distances the Cˇerenkov photons are
produced at relatively lower heights especially at higher energies through direct
emission of Cˇerenkov photons by the surviving electrons.
Core distance (m) 100 GeV 500 GeV 1000 GeV
30-60 9.0 7.3 6.5
115-130 10.6 9.3 8.6
220-250 9.9 8.5 7.8
photons by the electrons which survive to this height. At higher energies larger
number of electrons survive closer to the observation level and produce Cˇerenkov
photons directly before undergoing Coulomb scattering and thus contribute to the
increased photon density fluctuations within the hump region. For example, the
direct Cˇerenkov photons reaching the core distance of about 45 m are originated
at a height of 2.2 km (∼ 800gcm−2). At this height, a total of nearly 16 and
44 electrons (and positrons) of average energy of 0.04 GeV survive in case of
500 GeV and 1000 GeV γ− ray showers, respectively. They form nearly 3% and
4% of the maximum number of electrons produced. Photons emitted by some
of these electrons could be correlated and hence contribute significantly to the
fluctuations.
Table 3 shows the average arrival angles of Cˇerenkov photons at different core
distance ranges for 3 different γ− ray primary energies. The increasing average
arrival angle with increasing primary energy demonstrates that Cˇerenkov emission
from electrons has a larger lateral spread at higher energies. At core distances past
the hump the Cˇerenkov photons are produced mainly from scattered electrons (see
section 7.2 for more details) and hence their fluctuations decrease with increasing
primary energy.
It can be seen that the magnitude of fluctuations for proton primaries is higher
by a factor of 3–5 compared to those for γ− ray primaries. The difference seems
to increase with increasing energy. At a γ− ray energy of 50 GeV this ratio is
close to 3 while it is around 5 for 1 TeV γ− rays. The large rms fluctuations in the
case of proton primaries are mainly due to the increased relative fluctuations in
the electron number in the atmosphere. This is much more significant compared
to the Poissonian component. Further, the near constant relative fluctuations
show that the contribution from correlated emission from high energy electrons
is small (see section 7.1 for more details).
Figure 7 shows the ratio of the observed total RMS fluctuations (as against
non-statistical fluctuations in fig. 6) to the expected fluctuations if they were
purely Poissonian, for γ− rays and protons as a function of core distance. For
γ− rays, observed fluctuations are larger than Poissonian at all energies upto
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Table 3: The average angle of arrival (deg.) of Cˇerenkov photons at different core
distance ranges, resulting from vertically incident γ− rays of three different ener-
gies at the top of the atmosphere. At near core distances the mean arrival angles
increase with increasing primary energy because of direct emission of Cˇerenkov
photons by the surviving electrons, which have a larger lateral spread.
Core distance (m) 100 GeV 500 GeV 1000 GeV
30-60 0.38 0.47 0.53
115-130 0.73 0.81 0.87
220-250 1.46 1.73 1.91
the hump, approaching Poissonian value beyond the hump, although they are
always higher than Poissonian in the core distance range considered here. In
case of protons, relative fluctuations are much larger than those for γ− rays and
decrease with increasing core distance. In this case too the tendency to converge
to Poissonian fluctuations at large core distance is perhaps present probably at
much larger core distances. For γ− ray primaries relative RMS fluctuations seem
to be independent of energy of the primary beyond the hump, whereas in case
of protons the fluctuations increase with increase in energy. In summary, the
density fluctuations are significantly non-Poissonian and more prominent at near
core distances.
The relative fluctuations shown in fig. 7 are not independent of the mean
density. It can be shown that
σTRMS/σ
P =
√
(1 + σNSRMSr) (1)
where σTRMS and σ
NS
RMS are the total and non-statistical RMS fluctuations and
σP is the Poissonian fluctuations given by the square root of the mean density.
Fig. 7 shows only the relative fluctuations for two types of primaries.
It has been suggested in the past (Vishwanath, et al., 1993) that these non-
statistical fluctuations could be measured in an observation and used to improve
the signal to noise ratio. However, it was routinely assumed that for γ− ray pri-
maries the fluctuations are Poissonian (Rao & Sinha, 1988; Hillas and Patterson,
1987). Such conclusions based on the assumption of Poissonian fluctuations in
the photon densities in the lateral distribution have to be revised.
6 Other statistical parameters
Figure 8 shows the variation of the higher statistical moments like the skewness
(a & b) and kurtosis (c & d) of the frequency distribution of Cˇerenkov photon
densities as a function of core distance for γ− ray (a & c) and proton primaries
(b & d). Each of the plots has two curves for two different primary energies
as indicated. For γ− ray primaries the density fluctuations show finite positive
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Figure 8: Variations of the third and fourth moments of the Cˇerenkov photon
density fluctuations as a function of core distance at two different energies for (a)
& (c) γ− rays and (b) & (d) protons.
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skewness before the hump region showing that the distributions have a longer tail
towards the higher densities. The observed skewness is more than the statistical
value of 1
(mean)
1
2
. The Cˇerenkov photons within the hump region are contributed
to by two different sources: (i) electrons past the shower maximum emitting
Cˇerenkov photons directly before undergoing scattering, which fill the region
between core and the hump and (ii) Cˇerenkov photons emitted by lower energy
electrons after one or more Coulomb scatterings. Larger skewness seen in case of
lower energy γ− ray primaries is because of the relative fluctuations in the number
of electrons surviving below shower maximum. For lower energy γ− rays the
mean number of surviving electrons is much smaller compared to higher energy
γ− rays and hence subject to larger fluctuations resulting in larger skewness. At
smaller mean values the electron number distribution is asymmetric leading to a
large skewness. After the hump the skewness becomes zero as the distribution
becomes more symmetric. This could be understood since the photons beyond
the hump region are mainly from Coulomb scattering of low energy electrons.
In addition, this dependence of the skewness on the core distance gets diluted
at higher primary energies. For proton primaries, however, there is no marked
core distance dependence as the distribution has rather large positive skewness
uniformly at all core distances at lower primary energies, which seem to decrease
fast with increasing energy. In addition, isolated high energy electron tracks give
rise to excessive photon densities (section 7.1) leading to a large positive skewness.
Similarly the distributions at lower primary energies seem to show a posi-
tive non-statistical kurtosis, indicating that the distributions are sharply peaked
compared to normal distribution and this effect vanishes at higher energies.
7 Possible Origin of fluctuations
There are several possible sources of Cˇerenkov photon density fluctuations as seen
at an observation level which is relatively far from the shower maximum.
7.1 Non-independent production processes
A single relativistic electron track can emit several Cˇerenkov photons which are
generically related and hence the conventional statistics does not apply because of
lack of independence among these photons. These Cˇerenkov photons are strongly
correlated and consequently give rise to large non-Poissonian fluctuations at the
observation level (Sinha, 1995). Occasional local anomaly could be caused by
high energy electron track accentuating the above effect. This is demonstrated in
fig. 9, which shows the number of detected Cˇerenkov photons in (a) pre-hump,
(b) hump and (c) post-hump regions, at distances of 32 m, 123 m and 234 m
from the core, for 100 showers produced by γ− ray primary with energy of 500
GeV. Also shown in the figure is average electron energy at atmospheric depth
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Figure 9: This figure shows the total number of Cˇerenkov photons detected by
a detector in (a) pre-hump, (b) hump and (c) post-hump regions, at a distance of
32, 123 and 234m respectively from the core. Average energy of electrons at an
atmospheric depth of 400 gm cm−2 is shown in (d). The primary γ− ray energy
is 500 GeV.
of 400 gm cm−2, which is just below shower maximum (at about 320 gm cm−2).
Higher average energy of electrons seen in shower no. 38 and 49 is correlated with
significantly higher photon densities in pre-hump region. Hump and post-hump
regions do not have such significant excess in photon densities. Thus showers with
larger average energy for electrons produce distinctly higher density of Cˇerenkov
photons only in pre-hump region. This explains the larger fluctuations seen in
fig. 5 for all energies of γ− ray primaries in pre-hump region. Fig. 10 shows
the correlation between Cˇerenkov photon density and average electron energies
at an atmospheric depth of 400 gm cm−2 as a function of core distance. Larger
correlation in pre-hump region is evident. By tracing the lateral extent of these
large density fluctuations it has been found that the linear length scale varies
from about 80 m to 120 m with a mean value of about 100 m. This characteristic
length scale does not seem to be a sensitive function of γ− ray energy.
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Figure 10: Correlation between number of detected Cˇerenkov photons per detec-
tor and average energy of electrons at atmospheric depth of 400 gm cm−2 as a
function of core distance. 100 showers of 500 GeV γ− rays were used. Points
denote averages over 25 consecutive detectors when arranged in increasing order
of core distance.
Table 4: The average angle of arrival of Cˇerenkov photons at a given core distance
resulting from vertically incident γ− rays of energy 100 GeV at the top of the
atmosphere. This, when compared with the maximum core distance of direct
Cˇerenkov photons, demonstrates the need for Coulomb scattering of low energy
electrons to account for the observed photon densities (see text for details).
Core Aver. Atm. Atm. Atms Cˇeren. Max.
Dist. angle Height Height Depth Angle core
(◦) (derived.) (sim.) g cm−2 (◦) dist.
(km) (km) (m)
30-60 m 0.38 6.94 8.96 421 0.94 114. 0
115-130 m 0.73 9.42 10.6 293 0.81 132.3
220-250 m 1.46 9.3 9.88 299 0.81 131 .8
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Table 5: The average angle of arrival of Cˇerenkov photons at a given core distance
resulting from vertically incident protons of energy 250 GeV at the top of the
atmosphere. This, when compared with the maximum core distance of direct
Cˇerenkov photons, demonstrates the need for Coulomb scattering of low energy
electrons to account for the observed photon densities (see text for details).
Core Aver. Atm. Atm. Atm. Cˇeren. Max.
Dist. angle Height Height Depth Angle core
(◦) (derived) (sim.) g cm−2 (◦) dist.
(km) (km) (m)
30-60 m 0.60 4.43 6.5 593 1.08 83.7
115-130 m 0.96 7.15 6.96 409 0.93 116
220-250 m 1.46 9.3 7.58 299 0.81 131
7.2 Coulomb scattering of electrons
The Coulomb scattering of low energy electrons can lead to density fluctuations
as the Cˇerenkov photons that are emitted by an electron could be diverted to a
different location on the ground due to scattering of the parent electron in air.
However in general Coulomb scattering tends to smear the fluctuations caused by
processes mentioned in section 7.1. Table 4 demonstrates the effect of scattering
on the observed lateral distribution of Cˇerenkov photons in the case of a γ− ray
primary of 100 GeV incident vertically at the top of the atmosphere. The second
column lists the average observed arrival angle of Cˇerenkov photons at a core
distance range given in column 1. The core distances were suitably chosen to
represent pre-hump, hump and post-hump regions respectively. Column 3 lists
the atmospheric height where the Cˇerenkov photons arriving at the angle shown in
column 2 could have originated. Column 4 shows the average atmospheric height,
estimated from the simulation results, which contributes Cˇerenkov photons at
core distance range shown in column 1. Column 5 shows the atmospheric depth
at the height shown in column 3 and column 6 shows the Cˇerenkov angle at that
height. Column 7 is maximum core distance at which Cˇerenkov photons reach
the observation level. Only at the hump region the core distances of the observed
photons (column 1) and those of the direct hit Cˇerenkov photons (column 7) agree
well indicating that these photons are emitted by electrons without undergoing
significant Coulomb scattering. While the directly emitted Cˇerenkov photons
would not have reached the observed core distances in pre- and post-hump regions
if the emitting electrons had not undergone Coulomb scattering significantly.
The difference between the derived and observed effective production heights of
Cˇerenkov photons in pre-hump and post-hump regions (columns 3 and 4) again
demonstrates the dominance of Coulomb scattering of electrons.
Table 5 gives a similar information for proton primaries of energy 250 GeV.
Here also the photons at a core distance of around 120 m have their Cˇerenkov
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Table 6: Correlation coefficients of the shower size with the height of shower
maximum and height of first interaction point from a sample of 300 showers each
of γ− ray and proton primaries.
Primary species Corr. Coeff. of Corr. Coeff. of
shower size with shower size with
shower height (km) of first
maximum (g cm−2) interaction
γ− rays (100 GeV) 0.79 -0.7
γ− rays (1000 GeV) 0.83 -0.71
Protons (250 GeV) 0.16 -0.11
Protons (2000 GeV) 0.23 -0.26
angles and the arrival angles equal. At shorter core distances the average arrival
angles are larger than those for γ− ray primary because of the larger lateral
spread of the electrons in the case of proton primaries. However the need for
significant Coulomb scattering of electrons is borne out by the difference in the
maximum reach of the Cˇerenkov photons and the observed core distance.
7.3 Fluctuations in the height of first interaction
The height of first interaction of a primary proton or a γ− ray in the atmosphere
that initiates the cascade fluctuates within one interaction length. The extent
of fluctuation is decided by the radiation length in air (37.15gcm−2)in the case
of γ− ray primaries and the interaction mean free path (70gcm−2) in the case
of protons. Fluctuations in the point of first interaction in turn lead to the
fluctuations in the height of the shower maximum. A shower with a maximum at
a point lower down in the atmosphere effectively comes closer to the observation
level and hence results in higher number of Cˇerenkov photons since the Cˇerenkov
yield is an increasing function of refractive index. Thus fluctuations in the height
of the shower maximum give rise to density fluctuations at the observation level.
Both the height of first interaction as well as the height of shower maximum
for a primary γ− ray of given energy is correlated with shower size (see table
6). However, such a correlation is absent in the case of proton primaries. Table
7 lists the magnitude of fluctuation of these parameters for a 100 GeV γ− ray
incident vertically at the top of the atmosphere.
The Cˇerenkov photon density fluctuations at the observation level is a result
of multiple components. While it is not possible to quantify the contributions
from all the processes separately, one can estimate the contribution from the
fluctuations in the height of shower maximum. A sample of 500 γ−ray showers
of energy 100 GeV have been simulated and a distribution (bin width = 1 km
equivalent to ∼ 4 gm cm−2 at an altitude of ∼ 25 kms) of these showers is
generated based on their height of first interaction in the atmosphere. The mean
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Table 7: Magnitude of fluctuations in the height of first point of interaction,
shower maximum and the number of Cˇerenkov photons detected at observation
level for a 100 GeV γ− ray incident vertically at the top of the atmosphere.
Parameter Mean RMS Relative RMS
value fluctuations fluctuations
Height of first interaction (m) 25582.2 7962.3 31.1%
Height of shower maximum 260.6 65.70 25.3%
(g cm−2)
No. of Cˇerenkov photons detected 11480 3050 26.6%
at the observation level
RMS value of the fluctuations of the shower size in the bins around the peak
of is distribution is computed to be 3%, compared to 5.2% for the totality of
the showers. This value is presumably free from the contribution to fluctuations
from the fluctuations in the height of first interaction. This value does not vary
significantly if we reduce the bin width by a factor of 2. Hence the fluctuations in
the height of first interaction contributes significantly to the observed fluctuations
in the shower size for γ− ray primaries.
A similar estimate for proton primaries shows that the contribution from
the fluctuations in the height of first interaction is negligible showing that the
contributions from other processes dominate. In the case of proton primaries, it
was possible to freeze the height of first interaction at the mean value for 250
GeV proton primaries. The value of the RMS fluctuations in the shower size after
fixing the height of first interaction is 29.2%, compared to 30% obtained without
doing so, confirming the above conclusion.
7.4 Electron number fluctuations
In an attempt to further understand the relative contributions to the observed
density fluctuations at the observation level, we studied the fluctuations in the
production height of Cˇerenkov photons for γ− ray and proton primaries. Fig.
11(a) shows the production height distribution of Cˇerenkov photons generated
by 100 GeV γ− rays, averaged over 50 showers. Error bars correspond to RMS
deviations and are clearly non-statistical. Electron growth curve is also shown in
the fig 11(c). The photon and electron growth curves are very similar as expected.
Both the number of Cˇerenkov photons and electrons peak at a height of around
10 km, which is the shower maximum. Fluctuations in the number of Cˇerenkov
photons at a given height in the atmosphere can be attributed to those in the
number of electrons, which in turn owe their origin to the production kinematics.
It may be noticed from plots in 11(b) & (d) where relative rms deviations are
plotted as a function of height, that the fluctuations are relatively larger after
the shower maximum.
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Figure 11: Production height distribution of (a) Cˇerenkov photons and (c) elec-
trons generated by 100 GeV γ− ray primaries. The error bars indicate the rms
deviations. The plots on the right show the relative errors measured as a ratio
of the average number (over 50 showers) for (b) photons and (d) electrons. The
number on the y-axis of (a) and (c) could be multiplied by 2 to include positrons
as well.
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Figure 12: Production height distribution of (a) Cˇerenkov photons and (c) elec-
trons generated by 250 GeV proton primaries. The error bars indicate the rms
deviations. The plots on the right show the relative errors measured as a ratio
of the average number (over 50 showers) for (b) photons and (d) electrons. The
number on the y-axis of (a) and (c) could be multiplied by 2 to include positrons
as well.
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Figure 13: Averaged electron energy spectra (diff) at 9 different atmospheric
depths 100-900 g cm−2 during the shower development for γ− ray(diamonds)
and proton(stars) primaries of energy 100 & 250 GeV respectively.
Similar distributions averaged over 50 showers of protons of energy 250 GeV
are shown in fig. 12. Here, it may be noticed that the magnitude of fluctuations
is much larger compared to those of γ− rays. This is because in the case of proton
primaries, the source of electrons is pair production by γ− rays which are the
decay products of pi0 mesons produced in hadronic interactions. While charged
pions could decay to muons which in turn decay to electrons. The fluctuations
in the multiplicities of the pion secondaries and their energy spectra combined
with the fluctuations due to larger hadronic interaction mean free path (which
is nearly twice the radiation length in air) of protons lead to larger electron
number fluctuations in the case of proton primaries. The shower development
also sustains over a longer distance in the atmosphere for the same reason. The
FWHM of the shower development curve for γ− ray and proton primaries are
8 and 10 km respectively. This is due to the finite transverse momentum of pi0
secondaries which is about 0.3 GeV/c in the case of proton primaries.
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Figure 14: (a) Average electron energy at 9 different atmospheric depths 100-900
g cm−2 during the shower development for γ− ray (diamond) and proton (star)
primaries of energy 100 & 250 GeV respectively. (b) Ratio of RMS deviation to
average energy for γ− ray and proton primaries.
7.5 Electron energy spectra at various atmospheric depths
Another important contribution to fluctuations comes from the fluctuations in
the electron energy and their spectra during the shower development. Figure
13 shows the average energy spectra of electrons (averaged over 50 showers) at 9
different depths (100 - 900 g cm−2) in the atmosphere, both for proton (250 GeV,
stars) and γ− ray primaries (100 GeV, diamonds), incident vertically at the top
of the atmosphere. Figure 14(a) shows the variation of the average energy of the
electrons (calculated as the arithmetic mean of all the electron energies), as a
function of atmospheric depth. While the energy spectra seem to be very similar
in shape for γ− ray and proton primaries, the average energy after the shower
maximum is relatively higher for proton primaries since their height of shower
maximum is past that for γ− ray primaries. For the same reason the number of
surviving electrons also is relatively larger in the case of proton primaries. The
relative fluctuations in the average energy shown in fig. 14(b) indicate the RMS
fluctuations which propagate down to those in the number of Cˇerenkov photons
at the observing level. It may be noted that the relative RMS fluctuations in
the average electron energies at various atmospheric depths are very similar in
the case of γ− ray and proton primaries. Hence the increased fluctuations in the
Cˇerenkov photon densities for proton primaries is mainly the result of increased
fluctuations in the electron number during the shower development.
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Figure 15: Average lateral distributions of Cˇerenkov photon densities resulting
from vertically incident γ− rays of energy 100 GeV. The average of 200 showers
are shown as computed by CORSIKA, MOCCA, Rao & Sinha simulation package
and Patterson & Hillas calculations.
8 Comparison with other simulations
8.1 Average lateral distributions
Here we compare the average (over 200 showers) lateral distributions of Cˇerenkov
photons for γ− ray primaries of energy 100 GeV obtained using CORSIKA,
with (a) that obtained by Ong et al. (1995) using a package called MOCCA
(Hillas, 1985) (b) a package developed by Rao & Sinha (1988) and (c) the earlier
calculations by Patterson & Hillas (1983). The average lateral distributions of
Patterson & Hillas were originally made for sea level. The expected density
for Pachmarhi altitude (using the estimates of Rao & Sinha (1988)), is around
30% higher than that for sea-level. However, the core distance of the hump also
reduces at higher altitudes and there is no easy way to correct for this effect.
Results are shown in the fig. 15. We have corrected the lateral distribution
obtained with CORSIKA for atmospheric attenuation of Cˇerenkov photons using
the same attenuation factor as used by Rao & Sinha (Acharya, 1997). All the
three lateral distributions (a), (b) and (c) agree within errors while (d) agrees with
the rest only beyond the hump region. It may be mentioned that the estimates
by Rao & Sinha do not take into account the effects of geomagnetic field. Slightly
higher photon density obtained by Ong et al. may be due to the differences in
Cˇerenkov bandwidth and altitude used by them. The calculations of Patterson
& Hillas (1983) are underestimated by about 22% compared to CORSIKA, even
after accounting for the differences in the observation levels. The photon densities
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as well as the hump agree reasonably well in cases a, b and c, showing that all
the three simulation packages include correct treatment of Coulomb scattering of
high energy electrons and their relative track length integrals.
8.2 Average shower size
As seen in section 4 the shower size (measured in terms of the total number
of Cˇerenkov photons produced) for 100 GeV γ− ray primaries obtained using
CORSIKA is about 4.3 × 106 photons and the ratio of RMS deviation to the
average number of Cˇerenkov photons is 5%. For the same γ− ray energy Ong et
al. (1995) have estimated the total number of Cˇerenkov photons within 150 m
from the shower axis to be around 4.78 × 105 and the ratio of RMS deviation to
the number of Cˇerenkov photons to be 34%. The difference between the numbers
are mainly due to the difference in collection area, which is a circle of radius 150
m centered at the core in case of Ong et al., whereas the numbers given by us
correspond to the entire pool. Using detected number of Cˇerenkov photons at
various core distances and using a quadratic fit to the lateral distribution, we
estimate the number of Cˇerenkov photons within 150 m from shower axis to be
around 6.27 × 105. Considering the atmospheric attenuation it reduces to 3.49 ×
105 photons, which is consistent with the number given by Ong et al. Also using
the number of detected Cˇerenkov photons we have estimated the ratio of RMS
deviation to the number of Cˇerenkov photons within 150 m of shower axis to be
about 28%. Considering an unequal radial distribution of the detector array used
in our calculations, this number is also consistent with that obtained by Ong et
al.
8.3 Effect of geomagnetic field
It has been found that the effect of wavelength dependent absorption of Cˇerenkov
photons in the atmosphere is independent of core distance and hence it does not
affect the prominence of the hump. The difference between the average lateral
distributions derived from CORSIKA taking into account the local geomagnetic
field and without taking into account, is shown in figure 16(a). It shows that the
deflection of electrons in the Earth’s magnetic field would dilute the prominence
of the hump by broadening it as expected (Porter, 1973). The electron deflection
in the magnetic field is equivalent to increased Coulomb scattering and hence is
expected to produce more fluctuations in the observed photon densities. Figure
16(b) shows the relative rms fluctuations with and without taking into account
the presence of the geomagnetic field confirming the above conclusion. Also shown
in the plot are relative RMS fluctuations if they were purely Poissonian in origin.
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Figure 16: (a) The effect of the geomagnetic field on the average lateral distribu-
tion of Cˇerenkov photons. The difference between the Cˇerenkov photon densities
without and with geomagnetic field is plotted as a function of core distance. The
increased prominence of the hump in the absence of the field is clearly seen. The
primary γ− ray energy is 100 GeV. See text for details. (b) The change in the
relative fluctuations of Cˇerenkov photon densities as a function of core distance
due to the presence of geomagnetic field. Relative fluctuations with geomagnetic
field are indicated by diamonds, without field by + and Poissonian fluctuations
by triangle.
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8.4 Density fluctuations
There are very few results available in the literature on the study of fluctuations
of Cˇerenkov photons. It has been known qualitatively that the shower to shower
variations are relatively higher in the case of showers initiated by hadrons com-
pared to those generated by γ− rays. This is mainly because the electromagnetic
cascades, which contribute to Cˇerenkov photon density in the case of hadronic
primaries, are the result of a superposition of several γ− ray cascades initiated
by the decay products of pi0 mesons whose numbers are subjected to fluctuations.
However, no serious attempt was made to compare these fluctuations quantita-
tively and qualitatively in the past.
Sinha (1995) studied these fluctuations only for γ− ray primaries of energies
100, 500 and 2000 GeV. There is a qualitative agreement between these calcula-
tions and the present work in the sense that the degree of fluctuations decrease
from the core going through a minimum at around the hump region and then
showing a slight increase at large core distances. As the photons at around the
hump are contributed mainly by higher energy electrons (Ee > 1 GeV ) they will
undergo relatively less scattering and hence are subjected to minimum fluctua-
tions. At small core distances the asymmetric distributions of densities lead to
larger fluctuations, while at large core distances the residual fluctuations seen
are due to Coulomb scattering. Since the estimates by Sinha are for sea level
the degree of fluctuations cannot be compared quantitatively. Our estimates of
relative fluctuations as a function of core distance shows no agreement with the
Poissonian fluctuations at any core distance while Sinha (1995) observes that be-
yond the hump region the observed fluctuations are consistent with Poissonian.
Since the Coulomb scattering of low energy electrons is responsible for Cˇerenkov
photons reaching beyond hump region one would expect to see the residual con-
tribution to fluctuations from Coulomb scattering as shown in the present work.
9 Conclusions
A systematic study of the fluctuations in the Cˇerenkov photons generated by γ−
ray and proton primaries in the earth’s atmosphere and detected at the obser-
vation level has been carried out. Such a quantitative estimate of the degree of
fluctuations for the two types of primaries and the dependence on the core dis-
tance as well as primary energy has been done for the first time here. This type
of study is important in planning observations of VHE γ− ray sources based on
the measurement of lateral distributions of Cˇerenkov photons, since these exper-
iments are based on improving signal to noise ratio by rejecting the abundant
charged particle background. The large non-statistical fluctuations reported here
might reduce the efficiency of rejection.
We have studied the density fluctuations as a function of core distance for
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various energies of γ− ray and proton primaries in 50–1000 GeV range. Fluctu-
ations are highly non-statistical and decrease with increasing primary energy in
both the cases. Proton primaries show larger fluctuations compared to γ− ray
primaries of corresponding energy. In case of γ− ray primaries fluctuations are
minimum at the hump region and approach Poissonian beyond the hump region.
Proton showers in general show larger fluctuations than γ− ray primaries even
in the case of shower size measured in terms of the total number of Cˇerenkov
photons generated.
We have investigated various known sources of fluctuations and tried to evalu-
ate their relative contributions. Effect of geomagnetic field is to deflect electrons
and thereby increase the fluctuations. Average electron energies and their spec-
tra at different atmospheric levels during the shower development are found to
be similar in case of proton and γ− ray primaries of equivalent Cˇerenkov yields.
Whereas number of electrons at various depths of shower development is found
to vary much more for protons compared to γ− rays. We have also studied the
effect of variation in the first point of interaction on the shower size fluctuations.
It is found to be significant only in the case of γ− ray primaries. Contribution to
the fluctuations also comes from Coulomb scattering of low energy electrons past
the shower maximum and the intrinsic correlation between the photons emitted
by a single electron.
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